The existence of a cosmic ray flux of a still unknown origin with particles reaching energies millions of times higher than those attained at the LHC continues to intrigue the scientific community. The Pierre Auger Observatory, the largest cosmic ray detector in the world, was built to study the cosmic rays with E > 10 17 eV with unprecedented statistics. Taking continuous data since 2004, the Pierre Auger Collaboration has published numerous results about the properties of Ultra-High Energy Cosmic Rays. Recently it has determined, with a 5.2 σ significance, that the arrival directions of cosmic rays with energies above 8 EeV are anisotropic and can be described by a dipole whose direction favors an extragalactic origin of Ultra-High Energy Cosmic Rays. At an intermediate angular scale, the two largest departures from isotropy for the arrival directions of events with E > 39 EeV and E > 60 EeV are best described by a correlation with two nearby populations of extragalactic gamma-ray sources, namely starburst galaxies and AGNs. Photon and neutrino searches for events above 1 EeV and 0.1 EeV, respectively, resulted in no candidates so far, allowing Auger to put stringent limits to the flux of these particles. In the multi-messenger astronomy era, Auger is actively participating in neutrino searches in coincidence with gravitational wave events. Currently, the Observatory is undergoing a major upgrade which aims at an improved determination, event-by-event, of the nuclear mass composition of cosmic rays near the region of the flux suppression with increased statistics.
Introduction
The discovery of cosmic rays more than one century ago motivated innumerous experiments to determine the origin and nature of these particles. More than 80 years of cosmic ray experiments allowed to establish the existence of a particle flux of non-thermal origin which steeply falls by more than 30 orders of magnitude as the energy of cosmic rays extends by more than 10 orders of magnitude. The few features of the cosmic ray spectrum can provide valuable hints about their origin, acceleration, propagation mechanisms and composition, however, the exact explanations causing each spectral feature are still under discussion. It is assumed that cosmic rays with maximum energies up to several EeV could come from sources within the Galaxy, whereas the most energetic cosmic rays are believed to arrive from nearby extragalactic sources located in a sphere not bigger than ∼ 250 Mpc radius [1] . Yet, the region where the transition between these two populations takes place is still undetermined.
At energies around 10 15 eV, cosmic rays can only be detected indirectly through the large numbers of secondary particles which are produced from their interaction in the Earth's atmosphere using either arrays of particle detectors at the ground or fluorescence telescopes. Above 10 19 eV, the steeply falling flux of cosmic rays reaches only about one particle per square kilometer per year demanding for areas of particle detectors of the order of ∼ 1000 km 2 , as it is the case of the Telescope Array [2] , in the Northern Hemisphere and the Pierre Auger Observatory in the Southern Hemisphere [3] . In this case, the reconstruction of the cosmic ray properties suffers from large systematic uncertainties as they must rely on the predictions of Monte Carlo simulations of Extensive Air Showers (EAS) using high energy hadronic interactions models which often need to be extrapolated to √ s ∼ 100 TeV, one order of magnitude above the nominal energy at the LHC. In this manuscript are presented the most recent results of the Pierre Auger Observatory regarding the confirmation of the extragalactic origin of the highest energy cosmic rays and a possible correlation of their sources with nearby populations of starburst galaxies and AGNs. The results of the searches for neutral particle messengers and multi-messenger studies are reviewed as well. The Pierre Auger Observatory is described in Section 2, a discussion about the most recent results of the Observatory is presented in Section 3. Finally, the ongoing upgrade of the Pierre Auger Observatory, the AugerPrime is introduced in Section 4.
Pierre Auger Observatory
The Pierre Auger Observatory, located near the city of Malargüe in the Argentinian province of Mendoza at ∼ 1400 m a. s. l. (corresponding to an average vertical atmospheric depth of X ground = 880 g cm −2 ), is the largest cosmic ray detector in the world. It uses a hybrid technique which combines a Surface Detector Array (SD) and a Fluorescence Detector (FD) to study the most energetic cosmic rays with unprecedented statistics.
The SD samples the lateral distribution of charged particles at the ground with ∼ 100% duty cycle. It is composed of more than 1600 water-Cherenkov stations arranged in a triangular grid of 1500 m spacing covering an area of 3000 km 2 and it is fully efficient to the detection of cosmic rays with energies above 10 18.5 eV (10 18.6 eV) for events with zenith angles θ < 60 • (62 • < θ < 80 • ).
The energy range of the SD was lowered to 3 × 10 17 eV by the inclusion of extra 60 stations in a 750 m triangular grid, comprising ∼ 23.5 km 2 of the whole array.
The FD detects the ultraviolet light emitted by the excited nitrogen molecules in the atmosphere, providing an almost calorimetric estimation of the energy of the shower, and also a direct measurement of the depth of the shower maximum, X max . The FD comprises 24 fluorescence telescopes housed in four buildings at the array periphery which observe the atmosphere above the SD in clear and moonless nights, reaching a duty cycle of ∼ 15%. The low energy extension of the FD is called HEAT (High Elevation Auger Telescopes), and it is composed of three additional fluorescence telescopes at the Coihueco site. The HEAT telescopes can work both in the downward and upward mode, encompassing a total field of view (FoV) from 2 • to 60 • in elevation. When working in the upward mode, the HEAT telescopes observe the FoV region from 30 • to 60 • , complementary to the common FoV range of the standard FD telescopes, enabling the detection of nearby showers with energies ranging from 10 17.2 eV to 10 17.8 eV. The events detected both by the FD and the SD are called hybrid. A complete description of the Observatory and its instrumentation can be found in [3] . The layout of the Observatory is shown in Figure 1 . 
Results
Below are summarized some of the most recent results of the Pierre Auger Observatory regarding studies of the nuclear mass composition of cosmic rays, the searches for large and intermediate scale anisotropies in the arrival directions of the most energetic cosmic rays. Finally, at the end of the section are presented some results about the photon and neutrino searches, and multi-messenger studies focusing on the follow-ups of the Pierre Auger Observatory on neutrino searches in coincidence with gravitational wave events.
Nuclear mass composition
The Fluorescence Detector (FD) of the Pierre Auger Observatory provides a direct measurement of the depth of the shower maximum, X max , one of the most robust variables for mass composition studies. Here are presented the results for the interpretation of the nuclear mass composition of cosmic rays detected by the fluorescence telescopes of the Pierre Auger Observatory with energies ranging from 10 17.2 to about 10 19.6 eV using the X max and σ (X max ) moments. Additionally, the X max distributions are also interpreted in terms of mass fractions of proton, Helium, Nitrogen and Iron primaries, as predicted by several post-LHC hadronic interactions models.
The data were divided into two independent data sets. One dataset contains events detected by the standard FD telescopes between 1 December 2004 and 31 December 2015 for showers with energies above 10 17.8 eV. The second dataset uses events recorded both by the HEAT and Coihueco telescopes, HeCo, with energies ranging from 10 17.2 to 10 17.8 eV recorded between 1 June 2010 to 31 December 2015. All the events used in this analysis are hybrid, i.e., their geometries were reconstructed using information of the arrival times of the cameras of the FD telescopes and of the shower front at the ground measured by the SD station closest to the shower axis. The selected events were recorded in periods of stable running conditions and good atmospheric conditions as described in [4] . Additionally, fiducial FoV cuts are applied to reduce the detector effects on the X max distributions, as described in [5, 4] , so that each event has a resolution of the reconstructed X max better than 40 g cm −2 . After all cuts, a total of 16778 and 25688 events were used in the HeCo and standard FD datasets, respectively. The results for the X max and σ (X max ) are shown in Figure  2 , and the energy binning for the data is ∆ lg (E/eV) = 0.1. From the left panel of Figure 2 , it can be seen that the elongation rate (the rate of change of X max as a function of energy) between 10 17.2 and 10 18.33 eV is (79 ± 1) g cm −2 decade −1 , larger than the expected value for a constant mass composition (∼ 60 g cm −2 decade −1 ), indicating that the nuclear mass composition is getting lighter with increasing energy. After 10 18.33 eV, there is a break in the elongation rate, and it becomes (26 ± 2) g cm −2 decade −1 , meaning that the nuclear mass composition is getting heavier with increasing energy. In the right panel of Figure 2 is shown the variation of the σ (X max ) with energy. Also here, the nuclear mass composition is compatible with a light component for energies below 10 18.33 eV, and becoming heavier above that energy.
In another analysis, the distributions of X max in each energy bin were compared to mixes of proton (p), Helium (He), Nitrogen (N) and Iron (Fe) primaries as obtained from CONEX [6] simulations using the post-LHC models EPOS-LHC [7] , QGSJetII-04 [8] , and Sybill 2.3 [9] . The model distributions were parameterised by a Gaussian convoluted with an exponential function as described in [10] . The results of the fitted mass fractions are presented in Figure 3 . From Figure 3 , it can be seen that Fe seems to be almost absent over the whole energy range except possible small fractions at the lowest and highest energies. There is a high percentage of protons for energies below 10 19 eV, followed by an increase of the He fraction arising at ∼ 10 18.6 eV and dropping at ∼ 10 19.2 eV, succeeded by an increase of the Nitrogen fraction at ∼ 10 19.3 eV. However, one should note that the interpretation of the mass fractions is model dependent. The large number of p − values below the 0.1 dashed line indicates that the models were not able to find good combinations of fractions describing the measured X max distributions.
Due to the limited duty cycle of the FD, there are very few events at the highest energies, making difficult further mass composition studies with this detector. However, it is possible to use the time structure of the signals recorded by the Surface Detector (SD), which has nearly 100% duty cycle. In [11, 12] , the X max of the shower was inferred from the risetime, t 1/2 , of the time traces of the SD, allowing to infer the mass composition of showers for energies ranging from 0.3 to more than 100 EeV. The risetime t 1/2 is defined as the time taken by the total signal to go from 10% to 50% and it depends of the distance to the shower axis, zenith angle, and energy of the shower. For the method to be used, the risetimes of the several stations of each event, in a narrow energy region, are related to a function which describes the measured risetimes, called the benchmark. In a posterior step, the risetimes of the stations in a particular event are compared to the relevant times from the benchmark function, where the time difference between the measured risetime at a given station and the one given by the function is called ∆ i . Finally, each shower is characterized for the average values of ∆ i , which correlate with the depth of the shower maximum X max . The results of the X max determined from the ∆ method (blue circles and red squares), and X max (open squares) direct measurements are displayed in Figure 4 . Both measurements agree well with each other. The SD data allow to gain two extra energy bins at the highest energies, with X max suggesting, at a 3σ significance, that the nuclear mass does not continue to grow with energy.
log(E/eV) 17 17. 
Anisotropies
The nearly 100% duty cycle and the 1.2 m depth of the water-Cherenkov stations of the SD allow the Pierre Auger Observatory to observe 85% of the whole sky with a nearly uniform exposure in right ascension.
In this subsection are presented the latest results on the large and intermediate angular scale anisotropies of the arrival directions of cosmic rays with zenith angles with θ < 80 • , corresponding the declination range −90
The arrival directions of cosmic rays are determined through the relative arrival times of the shower front at each of the triggered stations, where the angular resolution for the energies of interest in these studies is better than 1 • [3] . Due to the geomagnetic field, the shower reconstruction using the SD differs for showers with zenith angles below and above 60 • [13, 14] . Also for showers with θ < 60 • , the atmospheric effects produce systematic modulations in the rate which have to be corrected [15] . The details of the shower reconstruction using the SD for events with θ < 60 • can be found in [16] , while the reconstruction of events with θ > 60 • is described in [13] . In both zenith regions the energy estimators were calibrated using hybrid events. The statistical uncertainty in the energy determination is < 16% for events with E > 4 EeV and < 12% for events with E > 10 EeV. The systematic uncertainty on the absolute energy scale is 14% over the whole energy and zenith angle ranges [17] .
Large-scale anisotropy in the arrival direction of cosmic rays above 8 EeV This analysis was applied to data recorded by the SD between 1 January 2004 and 31 August 2016 for events with E > 4 EeV, the energy at which the array becomes fully efficient for showers with 62 • ≤ θ < 80 • [13] , corresponding to a total exposure of 76800 km 2 sr yr. Using the same procedure as in previous analyses [18, 19, 20] , the data were divided into two energy bins, namely; 4 EeV < E < 8 EeV, and E ≥ 8 EeV. For the event to be selected, the station with the highest signal must be surrounded by five active stations, resulting in the selection of 113888 events, from which 81701 belong to the energy bin 4 EeV < E < 8 EeV and the remaining 32187 events have E ≥ 8 EeV [21, 22] . The study of large-scale anisotropy was performed by using a harmonic analysis in right ascension, α, where the first harmonic components a α and b α are given by:
The sum runs over all the N detected events, each one with right ascension α i , and N = ∑ N i=1 ω i is the normalization factor. The weights ω i are introduced to take into account the non-uniformities in the array in right ascension, and for a tilt of the array toward the southeast introducing a harmonic dependence in azimuth of amplitude 0.3% tan θ to the exposure. The amplitude r α and the phase φ α of the first harmonic of the modulation are calculated as:
The results for the amplitude, phase and the probability that the observed amplitudes are larger than the ones which could arise by chance due to fluctuations from an isotropic distribution for the two energy bins are shown in Table 1 .
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Highlights from the Pierre Auger Observatory E. Santos From [23] , the probabilities in the rightmost column of Table 1 were calculated as:
. For the energy bin 4 EeV < E < 8 EeV, the amplitude of the dipole is r α = 0.005 +0.006 −0.002 , which has a probability of arising by chance from an isotropic distribution of P (≥ r α ) = 0.60. However, for the events in E ≥ 8 EeV, the amplitude of the first harmonic, which is 0.047 +0.008 −0.007 , has a probability of arising by chance from an isotropic distribution of only P (≥ r α ) = 2.6 × 10 −8 , equivalent to a two-sided Gaussian significance of 5.6σ . The presence of this dipole, whose signal significance was found to grow with time, was already known. Penalizing for the previous analyses and by further studies where four additional lower-energy bins were examined gives a significance to the observed dipole of 5.2σ . The maximum modulation is at right ascension 100 • ± 10 • . In Figure  5 is shown the distribution of the normalized rate of events for E ≥ 8 EeV as a function of right ascension, along with the fit to a sinusoidal function corresponding to the first harmonic. To confirm the dipolar modulation, a sinusoidal and a constant function were fitted to the data shown in Figure 5 . A χ 2 /n = 10.5/10 was obtained for the sinusoidal function, while a worse value of χ 2 /n = 45/12 resulted from the fit to a straight line.
The distribution of events with E ≥ 8 EeV, in equatorial coordinates, is shown in Figure 6 . The same is shown in Figure 7 , but for galactic coordinates. The cross indicates the dipole direction and the contours mark the 68% and 95% confidence level regions [22] . The diamond marks the dipole direction of the 2MRS galaxy distribution. The arrows show the deflections expected from the Janson and Farrar model described in [24] for particles with E/Z = 5 or 2 EeV.
For E ≥ 8 EeV, the amplitude of the dipole is d = 6.5 +1.3 −0.9 %, pointing to the equatorial coordinates (α d , δ d ) = (100 • , −24 • ). A dipole anisotropy in the arrival direction of cosmic rays is expected from the Compton-Getting effect [25] , as a result of the proper motion of the Earth in the rest frame of cosmic ray sources, but this effect is expected to contribute only with the amplitude of 0.6% [26] , which is much smaller value than the observed one. The maximum of the dipole lies ∼ 125 • away from the Galactic center, and there is no excess of events coming from the Galactic center, which strongly support the hypothesis that the origin of these cosmic rays is extragalactic. At 4 EeV < E < 8 EeV the dipole points to the direction (α d , δ d ) = (80 • , −75 • ), close to the South Galactic Pole. Although the amplitude of the dipole in this energy range is not significant, it also disfavors a Galactic origin. In galactic coordinates, the dipole at E ≥ 8 EeV points in the direction ( , b) = (233 • , −13 • ), about 55 • away from the 2MRS dipole. It is expected that the galactic magnetic field change the trajectory of cosmic rays. The tips of the arrows in Figure 7 show the direction of the dipole of the Ultra-High Energy Cosmic Ray (UHECR) flux arriving at Earth from sources distributed according to the 2MRS dipolar structure. Assuming the propagation of cosmic rays in the Galactic magnetic field with common rigidity values of E/Z = 5 EeV and 2 EeV, it is expected that the amplitude of the dipole to lower from about 90% to 70% of the original value.
Correlation studies with the arrival directions of cosmic rays with E > 20 EeV with nearby extragalactic gamma-ray sources In [27] it is claimed that the non-thermal flux of FRI radio galaxies and misaligned BL Lac objects measured by Fermi-LAT within the GZK horizon could explain the observed emissivity of cosmic rays, calculated to be ∼ 10 45 erg Mpc −3 yr −1 for E > 10 18 eV [28] . Based on this hypothesis, the arrival directions of 5514 events with E > 20 EeV recorded between 1 January 2004 to 30 April 2017 with θ < 80 • by the Pierre Auger Observatory were analyzed in relation to the position of nearby (within a sphere of 250 Mpc radius) gamma-AGNs and starburst galaxies from the Fermi-LAT source catalogs. The total exposure for the considered period of data taking is 89720 km 2 sr yr [30, 29] .
The list of AGNs was taken from the second catalog of hard Fermi-LAT sources, the 2FHL catalog [31] , while the starburst galaxies were selected from a sample also surveyed by Fermi-LAT [32] . In total, the two extragalactic gamma-ray populations used for this study are composed of 17 blazars and radio-galaxies and 23 starburst galaxies whose flux density is larger than 0.3 Jy.
Based on the analysis of [33] , the effect of the attenuation of UHECRs arriving from each source was taken into account by using data-driven scenarios which reproduce the mass composition and spectral constraints of the data collected by the Pierre Auger Observatory. Given their proximity to the Earth, the effect of attenuation from starburst galaxies is less important than the one for AGN sources, resulting that ∼ 90% of the accumulated flux from starburst galaxies emerges from a ∼ 10 Mpc radius, while a ∼ 150 Mpc radius was found for AGNs.
The sky model of UHECR was derived from the convolution of an isotropic component plus an anisotropic component due to the sources. The source contributions were modeled by a Fisher distribution centered on the source coordinates, the integral was set by its flux attenuated above an energy threshold and an angular width. The sky model has two free parameters which serve to maximize the correlation with the arrival directions of the measured cosmic rays, namely, the fraction of all events due to the sources, and the rms angular separation between an event and the search radius of the source in the anisotropic fraction. The maximum correlation was found using an unbinned maximum-likelihood, where the likelihood is the product over the UHECR events in the model density in the UHECR directions. The test statistics (TS) for deviation from isotropy is the likelihood ratio test between two hypothesis: the sky model of UHECR and the isotropic distribution of UHECR, being this last one the null hypothesis. The TS is maximized as a function of the search radius and the anisotropic fraction. The analysis is then repeated for several energy thresholds. The results of the energy scan of the TS are presented in Figure 8 , from which two maxima are observed. The maximum for starburst galaxies is observed for E > 39 EeV (894 events), with or without attenuation, whereas the maximum for AGNs is found for energies above 60 EeV (177 events), after taking into account the attenuation. Shifting the energy scale within the systematics of ±14% [17] , affects the maximum TS by ±1 unit for AGNs and ±0.3 for starburst galaxies. Penalizing for the energy scan, the maximum TS obtained for starburst galaxies and AGNs gives a 4.0σ and 2.7σ deviation from isotropy, respectively. The maximum deviation for starburst galaxies is found at an intermediate angular scale of 13 +4 −3 • , and an anisotropic fraction of 10 ± 4%. For AGNs, the maximum deviation is found at an angular scale of 7 +4 −2 • , and an anisotropic fraction of 7 ± 4%.
In Figure 9 are shown the observed anisotropy maps for the populations of starburst galaxies (E > 39 EeV), and AGNs (E > 60 EeV). A hot-spot is visible in the region of Centaurus A/M83/NGC 4945 group for both populations. The AGN model is dominated by the Centaurus A, which is 7 • , and 13 • away from the two starburst galaxies NGC 4945 and M83, respectively. For the starburst model it is also visible an excess near
Highlights from the Pierre Auger Observatory E. Santos the South Galactic Pole, interpreted as contributions from the galaxies NGC 1068 and NGC 253, which increase the anisotropy signal from ∼ 3σ to 4σ . For events above 39 EeV, it was found that the contribution of a single population of AGNs is disfavored by 3.7σ relative to a combined model with 9% contribution from starburst galaxies and 1% contribution from AGNs, whereas for events with E > 60 EeV, the significance of considering a single AGN population or a combined contribution is nearly the same.
Neutral messengers
As it was shown in the results presented above, the charged nature of cosmic rays does not yet allow the identification of their sources. However, several astrophysical models describing the acceleration and propagation mechanisms of UHECR, such as the GZK-like processes [34, 35] also predict the existence of fluxes of Ultra-High Energy (UHE) photons and neutrinos whose detection would finally allow to answer this question [36, 37] .
Below are presented the most recent results regarding the searches of a diffusive flux [38, 39, 40, 41] , and point sources [42, 43, 44] of photons and neutrinos. Up to the present moment, no neutral candidates were found in the data, which allows the Pierre Auger Collaboration to put competitive limits to the fluxes of these particles.
Photons Photon induced showers have a much lower muonic content, a smaller footprint on the ground, and a deeper X max , when compared to hadronic showers. For E > 10 EeV, the Landau-Pomeranchuk-Migdal (LPM) effect becomes important, and in this case, a superposition of cascades initiated by low energy photons would produce smaller values of X max , and larger muonic to electromagnetic content when compared to "normal" photon induced showers at the same energy [45] . The searches for photon candidates use methods which compare the characteristics of hadronic showers and photon induced showers. Detailed procedures for photon searches using pure SD data can be found in [38] , while searches for hybrid data are described in [42, 39, 43, 46] . The SD searches can be applied for events with E > 10 EeV and 30 • < θ < 60 • , whereas the searches with hybrid events are performed for E > 1 EeV and θ < 60 • . In Figure 10 are shown the upper limits to the integrated photon flux as a function of energy. These limits put strong constraints on the current top-down models proposed to explain the origin of UHECR. Currently, the sensitivity of the hybrid photon searches, represented by the blue arrows in Figure 10 , allows to test photon fractions of 0.1%, entering the photon flux regions proposed by some GZK scenarios.
The presence of a photon source in the sky would manifest through the detection of a clustering of photon induced showers arriving from a particular position in the sky. In [43] , hybrid events in the energy range of 10 17.3 eV to 10 18.5 eV are used to look for clusterings of events arriving from 12 candidate photon point sources located in the declination range −85 • < δ < 20 • . The source targets include objects located in the Galactic center region, and also nearby extragalactic sources such as the Large Magellan Cloud and Centaurus A. The reason to search for nearby sources is justified by the attenuation length of UHE photons which ranges from 90 kpc at 10 17.3 eV, to 900 kpc at E = 10 18.5 eV. For all the 12 sources considered in [43] , the measured and expected number of events within an opening angle of 1 • had a statistical significance less than 3σ , meaning that no excess of events was found. In Figure 11 , the Auger limits to the photon flux as a function of energy for the Galactic center region are shown. The Auger searches for point sources in the
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Highlights from the Pierre Auger Observatory E. Santos ( Figure 11 : Photon flux as a function of energy from the Galactic center region [43, 46] . The flux measured by H.E.S.S. [47] is shown in red, while the H.E.S.S. extrapolation to the highest energies is represented by the blue dashed line. The thick green line marks the upper limit from Auger given in [43] , and the dashed black line shows the spectrum with an exponential cutoff at 2 EeV.
Galactic center region put constraints to the photon flux detected by H.E.S.S. in the TeV range, when extrapolated to EeV energies. Since there is a close connection between sources of photons and neutrons, Auger also performed complementary searches for neutron candidates and clustering of proton like events around several Galactic sources including the Galactic center and the search results were negative [48, 49] .
Neutrinos Neutrino candidates of all flavors can be detected with the SD for events E > 0.1 EeV and θ > 60 • [40, 44, 50, 41] . The neutrino searches can be performed either in the Downward Going (DG), or in the Earth-skimming (ES) channels. The DG channel is subdivided into two regimes, the Downward Going Low (DGL), which is used for events with zenith angles 60 • to 75 • , and the Downward Going High (DGH) for 75 • < θ < 90 • . Finally, the ES channel applies for events in the zenith angle range 90 • < θ < 95 • .
Given the very low cross section of neutrinos, they can interact much deeper in the atmosphere than what is expected for typical hadronic initiated EAS. Thus, neutrino induced showers can be distinguished from the hadronic background by the detection of a broad time structure in the water-Cherenkov detectors, due to the presence of a large electromagnetic component, typical to the one of a "young" shower, whereas the time traces from inclined hadronic events are narrow and are dominated by the muonic component. The separability of the neutrino signals is based on the value of the Area-over-Peak (AoP) of the triggered stations, a variable which relates the time width of the signal measured by each SD station with the maximum height of that signal. In the DG channels, neutrino searches use a Fisher discriminant which combines up to 10 variables using the AoP of 4 (4 or 5) early (central) stations in the DGH (DGL) selections as described in detail in [41] . The ES channel is only sensitive to tau neutrinos, and it is the most sensitive channel. It requires a minimum of three stations, a high eccentricity of the elliptic shape of the triggered area on the ground, and an apparent speed of the trigger times between station pairs with an average value very close to the speed of light, and a small spread. In Figure 12 is shown the discrimination of neutrino shower candidates from the hadronic background using the AoP of time traces for the Earth-skimming channel. In Figure 13 are shown the results for the integrated and diffusive neutrino fluxes for Auger data ranging from 1 January 2004 to 31 March 2017. Figure 13 : Integral upper limit (at 90% C. L.) for a diffusive neutrino flux of UHE dN dE ν = kE −2 given as a normalization, k (straight red line), and a differential upper limit (curved red line). The limits are drawn for a single flavor, assuming equal flavor ratios. Limits for ANITA (magenta dotted dashed line), and IceCube (green dashed line), along with several model predictions are also shown, see [51] for the complete set of references.
For the Figure 13 , two types of bounds were calculated: an integral bound integrating a conventional kE −2 neutrino spectrum, giving k < 5 × 10 −9 GeV cm −2 s −1 , and a differential limit, calculated by integrating the neutrino flux over consecutive energy bins of 0.5 in log 10 E ν . This differential limit shows that the SD is sensitive to cosmological neutrinos resulting from interactions of UHE protons with the Cosmic Microwave Background [51] .
Finally, in Figures 14 and 15 are shown the results for the point source searches, and the sensitivity to cosmogenic neutrino models, respectively. As it can be seen in Figure 14 , with the ES channel it is possible to explore the declination range of −54.5 • < δ < 59.5 • , and with the DG channel it is possible to increase the declination window to −84.5 • < δ < 59.5 • . The exposure as a function of the zenith angle of the event can be converted to an average exposure for a given declination, integrating in right ascension. The results in Figure 14 use seven more years of full exposure over the previous results presented in [44] . A flavor ratio of 1 : 1 : 1 was considered, no neutrino candidates were found [51] . The present search allows to put strong constraints to several models predicting cosmogenic neutrinos in scenarios with proton models with strong source evolution and high redshift of the sources, at a 90% C. L., the red area in Figure 15 . 
Multi-messenger astronomy
The Pierre Auger Observatory actively participates in multi-messenger searches in collaboration with other experiments. So far, searches of correlation of the arrival direction of cosmic rays detected by the Telescope Array and Auger collaborations, with the arrival directions of neutrino events detected by IceCube was performed. However, the detection of the first Gravitational Wave (GW) transient GW150914 on September 14, 2015, by the Advanced LIGO detectors opened a new era in multi-messenger astronomy [52] , enhancing the participation of many other experiments, of which, the Pierre Auger Observatory is also part.
In [53] , a small excess of pairs of high-energy neutrino-induced muon tracks detected by Ice-Cube and the arrival direction of UHECR coming from the hot-spot region reported by Telescope Array, and from the regions close to the super-galactic plane, was reported. Although this excess is not yet significative, the evolution of this signal will be studied with time.
Auger performed neutrino searches in coincidence with the gravitational wave events GW150914, GW151226, LVT15012 [54] , and GW170817/GRB 179817A [55] . Below are presented the Auger results for the GW170817/GRB 179817A [56] , a gravitational wave event detected on August 17, 2017, later observed as a short gamma-ray burst by the Fermi-GBM and INTEGRAL. This event was caused by the merging of a binary of neutron stars in the host galaxy NGC 4993, at a distance of ∼ 40 Mpc, the closest gravitational event detected so far. Neutrino searches related to this event were carried by the three most sensitive neutrino observatories Ice Cube, Antares and Auger. The sky map of these neutrino searches is shown in Figure 16 .
The search over 14 days is restricted to up-going events, but includes all neutrino flavors (tracks and showers). We applied quality cuts optimized for point-source searches that give a median pointing accuracy of 0°. 4 and 3°, respectively, for track and shower events(Albert et al. 2017b). No events spatially coincident with GRB 170817A were found.
Compared to the upper limits obtained for the short time window of ±500 s, those limits are significantly less stringent above 1 PeV, where the absorption of neutrinos by the Earth becomes important for up-going events. Below 10TeV, the constraints computed for the 14 day time window are stricter due to the better acceptance in this energy range for up-going neutrino candidates compared to down-going events (see Figure 2 ).
IceCube
IceCube is a cubic-kilometer-size neutrino detector(Aartsen are shown in Figure 1 . No events were found to be spatially and temporally correlated with GW170817.
A second event selection, described in Wandkowski et al. (2017), was employed offline. This uses the outermost optical sensors of the instrumented volume to veto incoming muon tracks from atmospheric background events. Above 60 TeV, this event selection has the same performance as the highenergy starting-event selection(Aartsen et al. 2014b). Below this energy, additional veto cuts similar to those described in Aartsen et al. (2015) are applied, in order to maintain a low background level at energies down to a few TeV. Both trackand cascade-like events are retained. The event rate for this selection varies over the sky, but is overall much lower than for the online track selection described above. Between declinations −13°and −33°, the mean number of events in a twoweek period is 0.4 for tracks and 2.5 for cascades. During the ±500 s time window, no events passed this event selection The three neutrino observatories are complementary in the energy region, allowing to search for neutrinos in the energy region of ∼ 10 11 eV to ∼ 10 20 eV, as well as for MeV neutrinos with IceCube. The neutrino searches were performed in two time windows; one of ±500 s, centered at the merger time of the event, and the other one covered the next 14 days after the gravitational wave event. The results for all the neutrino observatories, along with some model predictions for the neutrino emission scaled to a distance of 40 Mpc are shown in Figure 17 . In Auger, the whole ±500 s time window was observed in the Earth-skimming channel field of view, the most sensitive channel to UHE neutrinos. In this period, the source of GW170817 transited from θ ∼ 93 • .3 to θ ∼ 90 • .4 as seen from the center of the array. During this period, the performance of the SD array (which is monitored each minute) was very stable, with an average number of active stations amounting to ∼ 95.8% ± 0.1%. No inclined showers passing the Earthskimming channel selection were detected during this period. The estimated number of background events in this 1000 s window is ∼ 6.3 × 10 −7 , for the cuts applied in the Earth-skimming channel [41] . Assuming neutrinos are emitted steadily during this period, with an energy spectrum of E −2 [54] , the non detection of candidates allow us to put limits to its fluence. In the following 14 days, searches were done both in the Earth-skimming (ES) and Downward Going (DG) channels. From the Auger coordinates, the zenith angle of the optical counterpart of the event oscillates daily between θ ∼ 11 • to θ ∼ 121 • . The source is visible in the ES channel for ∼ 4% (90 • < θ < 95 • ) of the day, in the DGL channel for ∼ 10.5% (60 • < θ < 75 • ), and in the DGH for 11.1% (75 • < θ < 90 • ). No neutrino candidates were found in this time window as well. No significative counterpart was found in any of the searches with any of the observatories, a result which is compatible with the expectations of a GRB observed off-axis.
AugerPrime
Taking stable data since 2004, the Pierre Auger Observatory published many results about the properties of UHECRs. Among the latest results at the highest energies, using SD data, it was established the extragalactic origin of cosmic rays with E > 8 EeV [22] . However, to identify the UHECR sources, it is crucial to determine the nuclear mass composition in the flux suppression energy region. Unfortunately, the low duty cycle of the FD does not allow a significant data sample for energies above 10 19.6 eV [5] . Several other mass composition analysis using the SD are performed by the Pierre Auger Collaboration, but these suffer from larger systematic uncertainties due to the uncertainties in the assessment of muon content of the shower using the water-Cherenkov detectors.
To address such challenges, the Pierre Auger Observatory is currently undergoing a major upgrade phase, called AugerPrime, aimed at enhancing the determination of the nuclear mass composition of cosmic rays, event-by-event, reaching a sensitivity as small as 10% for a proton flux at energies close to the flux suppression region with almost doubled statistics [57] . The key upgrade consists in the installation of a 4 m 2 plastic scintillator detector on top of each one of the 1660 water-Cherenkov stations, enabling a better discrimination between the electromagnetic and muonic components of the shower. Additionally, the duty cycle of the fluorescence telescopes will be extended, allowing a direct determination of the depth of the shower maximum with increased statistics at the highest energies. The electronics of the Surface Detector stations is being upgraded to have an increased sampling rate and a better timing accuracy, as well as a higher dynamic range, allowing a better reconstruction of the geometry of the showers. The study of hadronic interactions will benefit from the deployment of an array of buried muon counters in the 750 m array, from which an independent and direct estimation of the muon content of extensive air showers can be done for energies 10 17.5 to 10 19 eV, encompassing the ankle region and almost overlapping with the energies attained at the LHC. AugerPrime will collect data until 2025.
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